Early obesity and late onset of insulin resistance associated with hormonal imbalances occur in FSH receptor-deficient follitropin receptor knockout female mice. This study tests the hypothesis that chronic high-fat diet aggravates obesogenic changes in a depot-specific manner and explores some molecular links of hormone imbalances with insulin resistance. In SV 129 mice, hormonal imbalances seem obligatory for exacerbation of diet-induced obesity. Visceral adiposity, glucose intolerance, and lipid disturbances in 9-month follitropin receptor knockout females were associated with decrease in adiponectin signaling. High-molecular-weight plasma adiponectin and adipose tissue adiponectin mRNA were decreased. Adiponectin receptors R1 and R2 mRNA was selectively altered in mesenteric fat but not periuterine fat. R2 decreased in the liver and R1 was higher in muscle. Whereas hepatic adenosine monophosphate T-activated protein kinase activity was down-regulated, both phosphoenolpyruvate carboxykinase and glucose-6-phosphatase enzymes were up-regulated. Longitudinally, diminishing sex hormone signaling in adipose tissue was associated with progressive down-regulation of adiponectin activity and gradual impaired glucose tolerance. Chronic high-fat diet in SV129 wild-type mice did not produce overt obesity but induced visceral fat depot changes accompanied by liver lipid accumulation, high cholesterol, and up-regulation of inflammation gene mRNAs. Thus, TNF-␣, C-C motif chemokine receptor-2, and C-C motif chemokine ligand-2 were selectively elevated in mesenteric fat without altering glucose tolerance and adiponectin signaling. Our study highlights adiponectin signaling and regulation to be involved in hormone imbalance-induced insulin resistance and demonstrates selective visceral adipose depot alterations by chronic high-fat diet and induction of inflammatory genes. (Endocrinology 148: 5667-5679, 2007) I NCREASING PREVALENCE OF obesity and metabolic syndrome (MS) in postmenopausal women and association with sex hormone imbalance in endocrine disorders has attracted considerable interest because women in both these states have higher tendency for cardiovascular disease and type 2 diabetes (1). MS is a combination of visceral obesity, impaired glucose metabolism, atherogenic dyslipidemia, and blood pressure elevation, resulting from a primary disorder, insulin resistance (IR) (2). Although recent clinical intervention studies have shown that extended hormone therapy initiated after menopause does not confer cardiac protection and may actually increase the risk for coronary heart disease in postmenopausal women (3), many underlying mechanistic issues remain to be explored and clarified. Thus, alternative interventions including appropriate timing might be necessary to improve the quality of life of aging women who live a third of their life in menopause. In addition, many women with polycystic ovarian syndrome, a hormonal imbalance disorder including hyperandrogenemia, also have obesity and IR at an early age. An understanding of the molecular basis that links sex hormone imbalances and IR could help prevent or overcome the occurrence of IR in aging women and polycystic ovarian syndrome subjects. Animal models that can mimic many, if not all, of the cluster of pathologies leading to IR in humans could also help define the molecular links between sex hormonal imbalances and IR. Two sex hormone imbalance (low estrogen to testosterone ratio) mouse models recapitulate different aspects of the MS phenotype. Studies from our group showed that follitropin receptor knockout (FORKO) female mice experiencing early obesity exhibit age-related mimicry of MS (4). Similarly aromatase-knockout mutants also show progressive development of IR in an age-dependent manner in male mice (5). Consumption of high-fat diet (HFD) is also known to be a major environmental factor in promoting obesity (6, 7) and reducing insulin sensitivity (8). Because obesity-related effects occur in a gene dosage-dependent manner in FORKO mice, we hypothesized that chronic high-fat diet might exacerbate adiposity effects in a
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NCREASING PREVALENCE OF obesity and metabolic syndrome (MS) in postmenopausal women and association with sex hormone imbalance in endocrine disorders has attracted considerable interest because women in both these states have higher tendency for cardiovascular disease and type 2 diabetes (1). MS is a combination of visceral obesity, impaired glucose metabolism, atherogenic dyslipidemia, and blood pressure elevation, resulting from a primary disorder, insulin resistance (IR) (2) . Although recent clinical intervention studies have shown that extended hormone therapy initiated after menopause does not confer cardiac protection and may actually increase the risk for coronary heart disease in postmenopausal women (3), many underlying mechanistic issues remain to be explored and clarified. Thus, alternative interventions including appropriate timing might be necessary to improve the quality of life of aging women who live a third of their life in menopause. In addition, many women with polycystic ovarian syndrome, a hormonal imbalance disorder including hyperandrogenemia, also have obesity and IR at an early age. An understanding of the molecular basis that links sex hormone imbalances and IR could help prevent or overcome the occurrence of IR in aging women and polycystic ovarian syndrome subjects. Animal models that can mimic many, if not all, of the cluster of pathologies leading to IR in humans could also help define the molecular links between sex hormonal imbalances and IR. Two sex hormone imbalance (low estrogen to testosterone ratio) mouse models recapitulate different aspects of the MS phenotype. Studies from our group showed that follitropin receptor knockout (FORKO) female mice experiencing early obesity exhibit age-related mimicry of MS (4) . Similarly aromatase-knockout mutants also show progressive development of IR in an age-dependent manner in male mice (5) . Consumption of high-fat diet (HFD) is also known to be a major environmental factor in promoting obesity (6, 7) and reducing insulin sensitivity (8) . Because obesity-related effects occur in a gene dosage-dependent manner in FORKO mice, we hypothesized that chronic high-fat diet might exacerbate adiposity effects in a depot-selective manner and explored mechanisms related to this phenomenon.
Visceral obesity is a key etiological factor in inducing IR (9) . In obese and related IR subjects, adipose tissue (AT) function is altered in several ways including changes in morphology, aberrant endocrine and metabolic functions as well as low-grade inflammation (10) . AT responds to metabolic signals releasing many adipokines, and their aberration is critical for onset of obesity, glucose, and lipid disturbance (10) . Among many alterations, up-regulations in TNF-␣ (11), the monocyte chemoattractant protein-1, also known as C-C motif chemokine ligand-2 (CCL2) (12) and C-C motif chemokine receptor-2 (CCR2) (13) couple adiposity with IR. Unlike many adipokines, adiponectin (also known as Acrp30, AdipoQ, and GBP28), an adipose tissue-specific secretory protein, is negatively correlated with body weight, fat content, and insulin levels and declines with progression toward the diabetic state (9) . High-molecular weight (HMW) complexes of adiponectin consisting of 12-18 subunits constitute the active form of adiponectin determining insulin sensitivity (14) . Adiponectin actions are mediated by two cell membrane receptors, adiponectin receptor (AdipoR)-1 and -2 (15) , activating a protein kinase cascade, AMP kinase (AMPK), increasing fatty acid oxidation in muscle, and potentiating insulin inhibition of hepatic gluconeogenesis (16) . Although adiponectin is causally related to IR and it has been noted as an antiinflammatory, antidiabetic, and antiatherogenic protein (9) , little is known about the regulation of adiponectin signaling in response to sex hormone imbalances.
In the present study, we addressed the regulation of adiponectin signaling and evaluated selected AT inflammation gene expressions in FORKO female mice with or without HFD for different periods. Our data revealed adiponectin signaling down-regulation and adipose tissue inflammation gene up-regulations could be part of mechanisms that link sex hormone imbalances with the onset of obesity and IR. Chronic HFD challenge in FORKO female mice in the SV129 background [a diet induced obesity resistance mouse strain (DIO)] could exacerbate the obesity phenotype. This is the first comprehensive study on adiponectin signaling aberration in sex hormone imbalance-induced obesity and related IR state. It is also the first report linking obesity-related phenotype and adipokine disturbance under the influence of chronic HFD in FORKO female mice. We also note differential impact on selective fat depots that lead to IR. Thus, a better understanding and dissection of adipokine alterations in specific fat depots could assist in developing targeting remedies that might preserve benefits of hormone replacement therapy and avoid adverse cardiovascular events (17) .
Materials and Methods
This study was approved by an institutional ethics committee. Mice of all three genotypes were produced (18, 19) by breeding 129T2/SV EmsJ FSH-R ϩ/Ϫ males and females. Wild-type (WT) (ϩ/ϩ) virgin, knockout (Ϫ/Ϫ) female mice (FORKO) from 3 to 9 months were used as indicated in the figures. Mice were housed (n ϭ 6 or less per cage, 12 h light, 12 h dark) with free access to water and feed. At 1 month, mice were divided into four groups based on genotype and diet selection: group 1, WT, provided with regular chow (WT-RD; 4.5% kcal fat diet, rodent laboratory chow, 5001/Harlan Teklad 7004 diet 1:1 mixture; Harlan Teklad, Madison, WI); group 2, WT, provided with HFD (WT-HFD; rodent diet with 45% kcal fat from lard and soybean oil; Research Diet, Inc., New Brunswick, NJ); group 3, FORKO, provided with regular chow diet (FORKO-RD); group 4, FORKO, provided with HFD (FORKO-HFD), except when overnight fasting was required. All comparisons were performed using littermates.
Oral glucose tolerance test (OGTT)
Groups of age-matched females were fasted overnight (16 -18 h) and orally administered glucose (1.5 g/kg body weight). A blood sample was collected from the tail at t ϭ 0, 30, 60, and 120 min. Glucose concentration was analyzed using a diagnostic glucometer from Abbott Laboratories (Montréal, Québec, Canada).
Insulin tolerance test (ITT)
Groups of age-matched females (8 months) were fed as usual and ip challenged with porcine insulin at 0.75 mU/g body weight (SigmaAldrich Canada, Oakville, Ontario, Canada). There was no food provided during the test, and blood samples were collected from the tail at t ϭ 0, 15, 30, 60, and 90 min for determining glucose concentration, which was analyzed using a diagnostic glucometer (Abbott Laboratories).
Histological and morphometric analysis of adipose tissue
Visceral adipose tissue from two sites were evaluated in this study. The visceral white adipose tissue surrounding mesenteric vessels (MAT) and adipose tissue surrounding the uterus-periuterine adipose tissue (PAT) were dehydrated and embedded in paraffin. Five-micrometerthick sections were cut and stained by standard protocols using hematoxylin and eosin for microscopic examination. For the quantification of the size of adipocytes in MAT and PAT, the area of 10 cells in random sectional areas from six fields of five to six animals per experimental group were analyzed under light microscopy using Image J system software (National Institutes of Health, Bethesda, MD). Results are expressed as mean Ϯ sem.
Liver oil red O stain and lipid quantification
Frozen section from liver was used for oil red staining (20) . Livers were sectioned (10 m), fixed in 10% formalin for 12 min, washed well in tap water, and rinsed in distilled water and stained with oil red O (Sigma-Aldrich Canada) for 10 min to identify neutral lipids, cholesterol, and fatty acids (red color). After rinsing with water, nuclei were counterstained (blue) with Mayer's hematoxylin (Sigma-Aldrich Canada) for 1 min and washed in tap water and distilled water. Slides were mounted with Mount quick (Daido Sangyo Co. Ltd., Tokyo, Japan). Sections from livers in each experimental group were processed simultaneously. Finally, slides were covered in aqueous mount under a coverslip for viewing with a light microscope at equal light intensity. Six images from the stained slides of six mice per group were initially acquired using a 24-bit file format (8 bits per red-green-blue color) with a Micropublisher 3.3 RTV (Q-Imaging, Surrey, British Columbia, Canada) and the Northern Eclipse version 7.1 software (Empix Imaging Inc., Toronto, Ontario, Canada) under 10 ϫ 1.6 magnification. Each image was processed using MatLab version 7.3 (The MathWorks, Inc., Natick, MA) by reducing the color numbers to a 64 gray tone per red-green-blue color (instead of 256). Representative images were used to select colors attributed to the stain to create a color file. Each image was then processed back to 64 gray tone. Staining percentage was given by the ratio of colors from the image having pixels that matches colors from the color file to total pixel number from the selected area (percent). Thus, the total size of lipid drops in proportion to total area from each image (percent) was quantified.
Plasma total cholesterol and total triglycerides
Blood was collected by heart puncture. Plasma was separated and samples were kept at Ϫ80 C until use. Total triglyceride (TG) was measured with a commercially available triglyceride reagent kit and total cholesterol (TC) was measured with a cholesterol reagent set (Pointe Scientific, Inc., Canton, MI). To confirm the results of plasma TG and TC, the same samples were also measured using an autoanalyzer (Cobas Miras; Roche, Montréal, Québec, Canada).
SDS-PAGE and immunoblotting
Liver and gastrocnemius muscle samples were collected on ice and stored at Ϫ80 C for analysis of protein expression of AMPK, and phosphorylated AMPK (p-AMPK). Tissues were homogenized in ice-cold lysis buffer [1% Triton X-100, 125 mm NaCl, 10 mm Tris (pH 7.4), 1 mm EDTA, 1 mm EGTA, 2 mm Na 3 VO 4 , 10 mm sodium pyrophosphate, and 25 mm NaF] that contained a protease inhibitor cocktail (Roche Diagnostics). After insoluble components were removed by centrifugation (14,000 rpm, 5 min, 4 C), protein concentrations of supernatants were quantified using a commercial reagent (Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein (50 g total lysates) were mixed with the sample buffer. Sample buffer for reducing conditions was 3% sodium dodecyl sulfate, 50 mm Tris-HCl (pH 6.8), 5% 2-mercaptoethanol, and 10% glycerol. Components were separated on a 7.5% SDS-PAGE gel.
HMW adiponectin analysis in plasma was performed according to a published method with some modifications (21) . Briefly, equal amount of plasma (1 l) was diluted to 20 l with lysis buffer to be separated by 6% SDS-PAGE under nonreducing conditions and without boiling. In addition, for nonreducing conditions, 2-mercaptoethanol was excluded from the sample buffer described above. The sample was mixed with 6ϫ buffer and incubated for 1 h at room temperature. Upon heating and under reducing conditions, adiponectin was converted to a 30-kDa monomer (22) . Total adiponectin analysis in plasma was assessed by using reducing and heating conditions. Equal amounts of plasma (1 l) were diluted to 20 l with lysis buffer and mixed with 6ϫ sample buffer and heated for 10 min at 95 C. Samples were separated by 10% SDS-PAGE. Proteins were transferred to nitrocellulose membrane, blocked with 5% dry nonfat milk and incubated with first antibody for 16 h at 4 C. The following rabbit polyclonal antibodies were used for Western blots: antiadiponectin (1:3000) (gift from Dr. P. Scherer, Albert Einstein College of Medicine, Bronx, NY), anti-AMPK (1:1000), and anti-p-AMPK (1:800) (Cell Signaling Technology, Danvers, MA). After three washes, membranes were incubated with the secondary antibody, goat antirabbit coupled to horseradish peroxidase (Sigma-Aldrich Canada), diluted 1:15,000 in milk followed by chemiluminescence reagent (GE Healthcare, Piscataway, NJ) and exposure to film (X-omat, XRP-5; Eastman Kodak, Rochester, NY). Band intensity was quantified using scanning densitometry (NIH Image software).
RNA extraction and real-time PCR
Total RNA was extracted from PAT, MAT, liver, and muscle with Trizol reagent following the supplier's protocol, and 1-2 g of RNA were reverse transcribed using the first-stand cDNA synthesis kit (GE Healthcare). Quantitative PCR (Q-PCR) was performed using Platinum SYBR Green qPCR SuperMix UDG kit (Invitrogen, Carlsbad, CA). Expressions of different transcripts were determined in relation to ␤-actin with real-time PCR on Mx4000 (Stratagene, La Jolla, CA). All reactions were done in duplicate. Q-PCR parameters were 95 C for 10 min, followed by 40 cycles at 95 C for 30 sec, 57 C for 60 sec, and 72 C for 45 sec. No amplification of fragments occurred in control samples without reverse transcriptase. Quantity of mRNA was calculated using the ⌬⌬C t method [⌬⌬C t ϭ ⌬C t (treated) Ϫ ⌬C t (control); ⌬C t ϭ C t ␤-actin Ϫ C t target ; C t ϭ threshold cycle], as described in a previous report (23) . The sequences of the specific PCR primers for Q-PCR are shown in Table 1 .
Statistical analysis
Statistical analyses were performed using SigmaStat3.1 (SYSTAT, Point Richmond, CA). Values are presented as means Ϯ sem. The significance of the results was determined by using the two-way ANOVA (two main effects: diet, genotype, and their interaction are assessed, except for those in Fig. 4C ; genotype and age are two main effects) followed by Bonferroni t test for multiple comparison. The t test was used (for Fig. 3 ) when comparing genotype factor between two groups. Repeated-measures ANOVA was used for analyzing body weight, OGTT, and ITT experimental data. Three-way ANOVA (three main effects: diet, genotype, age, and their interaction) was used for adipocyte size quantification experiment in Fig. 1D . Statistical differences were considered significant at P Ͻ 0.05.
Results

Alteration of body weight, adipose tissue, and liver lipid accumulation in response to sex hormone imbalance and HFD
To characterize obesity phenotype in FORKO female mice challenged with chronic HFD, body weight was calculated monthly (Fig. 1A ). When fed with regular diet (RD), FORKO females showed significant increase in body weight from 3 months old (P Ͻ 0.05), compared with age-matched WT mice. When fed with a HFD, body weight of FORKO females was higher from 2 months onward (P Ͻ 0.05), compared with WT mice under HFD. Body weight of FORKO-HFD group was also significantly higher than FORKO-RD group beginning at 4 months (P Ͻ 0.05) and continuously rose during the next 5-9 months. Interestingly provision of HFD including a long duration had no distinguishable effect on body weight of WT mice under identical conditions. This observation is consistent with previous reports that mice of the SV129 background strain are relatively resistant to an obesogenic diet (24) . However, HFD augmentation of body weight gain in FORKO mice of the same strain suggests that hormone imbalances combined with dietary factors could exacerbate obesity.
The adverse metabolic consequences of obesity are best predicted by changes (or accumulation of) visceral adipose mass. We have previously shown that deep visceral adiposity is readily evident in FORKO mice fed RD as indicated by the surrounding cover of adipose tissue around mesenteric vessels (4) . Following this method, we measured the average width of the mesenteric vessel with fat at the widest point in the presence of HFD (supplemental Fig. 1 , published as supplemental data on The Endocrine Society's Journals Online Web site at http://endo.endojournals.org). As shown in Fig. 
TABLE 1. Primers used for Q-PCR experiments Gene
Forward primer (5Ј-3Ј) Reverse primer (5Ј-3Ј) Reference Length (bp)
Effect of chronic hormone imbalance and HFD on obesity phenotypes in SV129 female mice. Body weight gains of four groups (WT-RD, WT-HFD, FORKO-RD, and FORKO-HFD) were measured monthly. By repeat-measurement ANOVA, the main effect of groups factor (P Ͻ 0.01, F ϭ 33.042, df ϭ 3) and age factor (P Ͻ 0.001, F ϭ 323.177, df ϭ 8), and for the interactions (P Ͻ 0.01, F ϭ 5.578, df ϭ 24) were significant. Furthermore, pair-wise comparison by Bonferroni t test showed body weight of FORKO-RD was statistically different from WT-RD (**, P Ͻ 0.01,*, P Ͻ 0.05, n ϭ 10). Body weight of FORKO-HFD was statistically different from WT-HFD (##, P Ͻ 0.01, #, P Ͻ 0.05, n ϭ 10). High-fat feeding augmented the body weight gain in FORKO mice (ˆ, P Ͻ 0.05, n ϭ 10). Provision of HFD had no effect on body weight in WT. B, Comparison of the width of mesenteric vessel with surrounding fat with and without HFD and combined effect of hormonal imbalances in mutants. By two-way ANOVA, the main effect of genotype (P Ͻ 0.01, F ϭ 31.19, df ϭ 1) and diet (P ϭ 0.033, F ϭ 5.78, df ϭ 1) were significant. Furthermore, pair-wise comparison by Bonferroni t test were: *, P Ͻ 0.05 vs. WT-RD; #, P Ͻ 0.05 vs. FORKO-HFD (n ϭ 4). C, Measure of visceral fat accumulation. Fat mass measured in the biggest visceral fat depot-PAT at 9 months in the four groups. PAT mass values normalized to body weight are shown. By two-way ANOVA, the main effect of genotype (P Ͻ 0.01, F ϭ 22.29, df ϭ 1) was significant. Furthermore, pair-wise comparison within each factor by Bonferroni t test showed that FORKO-RD was significantly higher than WT-RD (*, P Ͻ 0.05, n ϭ 5). FORKO-HFD was significantly higher than WT-HFD (*, P Ͻ 0.05, n ϭ 5). When only two groups were concerned by t test, FORKO-HFD was significantly higher than FORKO-RD (*, P Ͻ 0.05, n ϭ 5). D, Analysis of PAT and MAT adipocyte area performed in four groups at 5 and 9 months. By three-way ANOVA, in PAT, the main effects of genotype (P Ͻ 0.001, F ϭ 14.98, df ϭ 1), diet (P Ͻ 0.001, F ϭ 25.52, df ϭ 1), and 1B, the width of mesenteric vessel and surrounded AT in WT-HFD was 50% (P Ͻ 0.05) wider than that in WT-RD. It was 90% (P Ͻ 0.05) wider in FORKO-RD than WT-RD. In the FORKO-HFD group, it was 82% (P Ͻ 0.05) wider than in WT-HFD and 40% (P Ͻ 0.05) wider than in FORKO-RD. To secure a quantitative estimate of AT weight changes, at 9 months we measured the weight of PAT, the biggest visceral adipose depot that can be dissected rapidly. As shown in Fig.  1C , due to chronic hormone imbalance, FORKO-RD PAT mass normalized to body weight was 52% higher (P Ͻ 0.05) than WT-RD. FORKO-HFD PAT was 110% higher (P Ͻ 0.01) than WT-HFD and 46% higher (P Ͻ 0.05) than FORKO-RD. Therefore, HFD also augmented PAT mass in FORKO females. Interestingly HFD had no distinguishable effect on PAT mass in WT siblings. It is known that the size of the adipocyte is inversely correlated with insulin sensitivity (4), and adipocyte morphology is also functionally altered in MS subjects (10) . Therefore, morphometric analysis was performed in both MAT and PAT at 5 and 9 months of age. As shown in Fig.   1D , adipocyte size is bigger in FORKO mice than WT in MAT (P Ͻ 0.05, n ϭ 6) and PAT (P Ͻ 0.01, n ϭ 6) at both ages. Under the influence of HFD, MAT adipocyte size increased (P Ͻ 0.05, n ϭ 6) in both WT and FORKO mice at 9 months; PAT adipocyte size increased (P Ͻ 0.01, n ϭ 6) in FORKOs at both ages. As far as age factor is concerned, adipocyte size significantly increased at 9 months (P Ͻ 0.01, n ϭ 6), compared with 5 months in PAT in both WT and FORKO mice. Thus, adipose size increased in response to hormone imbalance and HFD as well as aging. In addition, challenging FORKOs with chronic HFD further augmented changes in adipocyte size.
Because liver fat accumulation results in hepatic insulin resistance (25) , lipid accumulation was quantified and compared between the groups, and data for 9-month old mice are shown (Fig. 1E) . There is significantly greater liver lipid accumulation in FORKO-RD (P Ͻ 0.05), compared with WT-RD. It was also greater in FORKO-HFD (P Ͻ 0.01), compared with FORKO-RD and WT-HFD. Thus, chronic HF diet augments lipid accumulation in FORKO (P Ͻ 0.05), compared A, Upper and lower graphs, Mice at 8 months were fasted overnight and orally fed glucose (1.5 g/kg body weight). Glucose levels in blood drawn from the tail at indicated time was determined by glucometer. By repeat-measurement ANOVA, the main effects of group factor (P Ͻ 0.01, F ϭ 33.04, df ϭ 3) and time factor (P Ͻ 0.001, F ϭ 323.18, df ϭ 3) for the interactions (P Ͻ 0.01, F ϭ 5.58, df ϭ 24) were significant. Furthermore, pair-wise comparison by Bonferroni t test showed impaired glucose tolerance in FORKO-RD (*, P Ͻ 0.05, n ϭ 6), compared with WT-RD, and impaired glucose tolerance in FORKO-HFD (#, P Ͻ 0.05, n ϭ 6), compared with WT-HFD, but no effect of HFD on glucose level, compared with RD. B, Upper and lower graphs, Mice at 8 months were fed freely and then given 0.75 mU of insulin per gram of body weight. Glucose levels were measured at the times indicated. Similarly, with repeat-measurement ANOVA, the main effects of group factor (P Ͻ 0.05, F ϭ 3.85, df ϭ 3) and time factor (P Ͻ 0.001, F ϭ 46.79, df ϭ 4) were significant. Following pair-wise comparison by Bonferroni t test insulin tolerance tests showed significant impaired insulin sensitivity in FORKO-RD (*, P Ͻ 0.05, n ϭ 6), compared with WT, and in FORKO-HFD (#, P Ͻ 0.05, n ϭ 6), compared with WT-HFD. C, Nonfasted plasma TC at 7 months was responsive to both genotype factor (P ϭ 0.003, F ϭ 13.47, df ϭ 1) and diet (P ϭ 0.007, F ϭ 10.61, df ϭ 1); pair-wise comparison indicated that TC is higher in WT-HFD, compared with WT-RD, and was also higher in FORKO-RD, compared with WT-RD (*, P Ͻ 0.05, n ϭ 4). D, Nonfasted plasma TG at 7 months showed no significant difference between groups. age (P Ͻ 0.001, F ϭ 16.54, df ϭ 1) were significant. In MAT, the main effects of genotype (P ϭ 0.02, F ϭ 5.981, df ϭ 1), diet (P ϭ 0.005, F ϭ 8.90, df ϭ 1), and age (P Ͻ 0.001, F ϭ 13.13, df ϭ 1) were significant. When compared within genotype factor, adipocyte size is bigger in FORKO mice than WT in MAT (P Ͻ 0.05, n ϭ 6) and PAT (P Ͻ 0.01, n ϭ 6) in both ages. Within diet factor, under HFD, MAT adipocyte size increased (P Ͻ 0.05, n ϭ 6) in both WT and FORKO; PAT adipocyte size increased (P Ͻ 0.01, n ϭ 6) in FORKO. Within age factor, adipocyte size significantly increased in 9 months (P Ͻ 0.05, n ϭ 6), compared with 5 months in PAT in both WT and FORKO mice. Note changes MAT also occur in WT-HFD mice. E, Representative images and quantification analysis of lipid accumulation in liver by oil red O staining in liver at 9 months of four groups. Both the main factors of genotype (P Ͻ 0.001, F ϭ 76.47, df ϭ 1), diet (P Ͻ 0.001, F ϭ 88.80, df ϭ 1), and their interaction (P Ͻ 0.01, F ϭ 33.34, df ϭ 1) were significant. Bars, 50 m. Furthermore, pair-wise comparison was done by Bonferroni t test (*, P Ͻ 0.01 vs. WT-RD; ##, P Ͻ 0.05 vs. FORKO-HFD, n ϭ 5-6).
with FORKO-RD (Fig. 1E) . Interestingly, in the WT, the addition of HFD also caused an increase in liver lipid accumulation despite no significant increase in body weight (Fig.  1A) . From these data, we note that hormonal imbalance and HFD are two modifiable factors, which aggravate the obesity phenotype.
Alteration of glucose homeostasis and lipid profile in response to hormone imbalance and HFD
We next questioned whether hormone imbalance and HFD-induced obesity could also lead to additional glucose and lipid metabolic disturbances. To assess this, OGTT was first performed at 4 months because significant body weight gain was already apparent at this age. However, there was no distinguishable difference in OGTT between groups at this age (data not shown). When OGTT was performed at 8 months, the glucose level in FORKO-RD and FORKO-HFD were significantly higher (P Ͻ 0.05) than WT-RD and WT-HFD, respectively ( Fig. 2A) . However, HFD did not exacerbate glucose intolerance in FORKOs at this age. HFD also had no distinguishable effect on glucose tolerance in WT mice. To confirm the impaired glucose response in FORKO, an ITT was also performed at 8 months (Fig. 2B) . The glucose-lowering effect of insulin was significantly blunted (impaired) in FORKO-RD and FORKO-HFD (P Ͻ 0.05), compared with WT-RD and WT-HFD, respectively. These results demonstrate the onset of impaired glucose/insulin response in response to sustained and chronic hormone imbalance. Although HFD had no apparent additional effect in disturbing glucose metabolism at this age, deleterious effects could appear at a much later age.
Nonfasted plasma lipid profile was also measured at 7 months. TC increased by 20% (P Ͻ 0.05) in WT-HFD and increased by 22% in FORKO-RD (P Ͻ 0.05), compared with WT-RD. TC level did not exacerbate in FORKO-HFD, compared with FORKO-RD (Fig. 2C) . Nonfasted plasma TG was not significantly altered in WT-HFD, FORKO-RD, and FORKO-HFD (Fig. 2D) . These results derived from using reagent kits were independently confirmed by measurements on the autoanalyzer and similar patterns were observed (data not included). Therefore, alterations in TC occur in response to both HFD and hormone imbalances, but no synergistic effects are evident at this age.
Modulation of estrogen receptors in adipose tissue in FORKO female mice
The low estrogen to androgen ratio that becomes apparent at an early age is an extraordinary feature of FORKO female mice. Sex hormone levels described in recently published data from our group (4) indicate that, as early as 3 months, plasma estradiol-17␤ level in FORKO is 92% lower than WT, and estrogen deficiency in mutants is also accompanied by hyperandrogenemia. Plasma testosterone level in FORKO was 8.2-fold higher than WT. The ratio of estrogen to androgen remained unaltered at 12 months. Estrogen receptors (ERs)-␣ and ER␤ are both present in mouse adipose tissue with the predominance of ER␣ that modulates gene expressions involved in insulin sensitivity and glucose homeostasis (26) . Thus, modulation in the mRNAs of ERs in adipose depot is important in understanding potential adipose tissue steroid responses. We thus questioned whether alterations in ER␣ and ER␤ levels mediate adipose tissue hormone signaling in FORKO females and whether there is selectivity in MAT and PAT depots at different ages. At 5 months, both ER␣ and ER␤ mRNA did not change in either MAT or PAT (data not shown) in all groups. However, at 9 months, ER␣ was reduced by 46% (P Ͻ 0.05) in MAT and 55% (P Ͻ 0.05) in PAT, compared with WT mice in respective fat depots (Fig.  3A) . ER␤ did not change significantly in both fat depots (Fig.  3B) , although there was a decreasing tendency only in MAT of FORKO females. Therefore, during sustained estrogen deficiency in FORKO females (3-12 months) (4), ER␣ was down-regulated only at a later age. There was no significant change for both ER␣ and ER␤ mRNA level in liver tissue in FORKO female at 9 months (data not shown). These data suggest that progressive down-regulation specifically in adipose tissue estrogen signaling could be causally related to gradual occurrence of glucose intolerance and IR in FORKO female mice. However, this does not preclude changes related to other partners or players involved in estrogen actions.
Adiponectin expression regulation in response to hormone imbalance and HFD
Aberration of adipokines is now recognized as a major aspect of adipose dysfunction leading to IR. Among many adipokines impacting metabolic homeostasis, adiponectin appears to play a dominant role. Although the expression of AT adiponectin mRNA remained constant in 5-month FORKO-RD (data not included), we thought that diet-in- duced exacerbation of obesity might produce different effects. A state of sustained hormonal imbalance could also have additional effects. Coincident with impaired glucose response at later age, adiponectin mRNA expression at 9 months declined by 48% (P Ͻ 0.05) in MAT and 38% (P Ͻ 0.05) in PAT when comparing FORKO-RD with WT-RD (Fig.  4A) . It is important to note that even in WT females in which there was no outward appearance of obesity, HFD induced differential effects on deep visceral adipose depots. In these mice adiponectin mRNA was reduced significantly by 72% (P Ͻ 0.05) only in MAT but not in PAT. HFD did not contribute further to the already significant decline in adiponectin mRNA in FORKOs in both MAT and PAT depots. (Fig.  4A) . Therefore, adiponectin mRNA down-regulation occurred in response to both chronic hormone imbalance and chronic HFD, but additional effects were not apparent in FORKOs. It is important to highlight that adiponectin mRNA alteration was relatively more severe in MAT, a fact also highlighted by differential effects of HFD on fat depots (Fig. 1) .
Regulation of plasma HMW adiponectin in response to sex hormone imbalance, HFD, and age
Next, we questioned whether dysregulation of adiponectin mRNA in FORKOs could be functionally associated with IR via its state of oligomerization. Plasma adiponectin protein level was thus examined. After heating and reducing SDS-PAGE analysis, total adiponectin in plasma was unchanged between groups (supplemental Fig. 2, A 
org).
To analyze HMW adiponectin complexes, which are critical in determining insulin sensitivity (14, 21), we used SDS-PAGE in nonreducing and nonheating conditions and estimated the ratio relative to total adiponectin (Fig. 4B) . At 9 months, HMW adiponectin in FORKO-RD was reduced by 33.1% (P Ͻ 0.05), compared with WT-RD, which is also consistent with adiponectin mRNA level at this age. In WT mice fed HFD, there was a downward trend (although not significant; 18% reduction) in HMW adiponectin. HFD did not exacerbate this change in FORKO (Fig. 4B) . Therefore, at 9 months, alteration of HMW adiponectin was correlated with glucose intolerance in response to hormone imbalance. Unchanged HMW adiponectin under HFD was also correlated with normal glucose handling at this age. Therefore, these data indicated that adiponectin might be functionally involved in hormone imbalance-induced IR in an age-dependent manner.
To further confirm the link between adiponectin regulation and chronic hormone imbalance in an age-dependent manner, plasma HMW adiponectin protein was measured at three different ages (3, 5, and 9 months) for both WT and FORKO mice on a regular chow and normalized to total adiponectin at each age. Total adiponectin in plasma was unchanged between groups (supplemental Fig. 2B and Fig.  4C ). In WT, HMW adiponectin showed a trend to increase   FIG. 4 . Expression of adiponectin mRNA and alteration in the regulation of plasma HMW adiponectin in response to hormone imbalance, HFD, and age. A, Adiponectin mRNA in MAT and PAT in four groups at 9 month were measured by Q-PCR. In MAT, both the main factor of genotype (P Ͻ 0.05, F ϭ 5.94, df ϭ 1) and the main factor of diet (P Ͻ 0.01, F ϭ 13.11, df ϭ 1) were significant. In PAT, only genotype effect (P Ͻ 0.05, F ϭ 7.45, df ϭ 1) was significant. Pair-wise comparison indicated as in panel A (**, P Ͻ 0.01, *, P Ͻ 0.05 vs. WT-RD, n ϭ 4). B, Differences in HMW forms of plasma adiponectin in mutants. Western blots were performed on samples separated by SDS-PAGE under nonreducing and reducing conditions (representative gels used for quantitation are shown in supplemental Fig. 2 ). Densitometry analysis of HMW adiponectin normalized to total adiponectin found in the plasma samples showed that only genotype effect (P Ͻ 0.01, F ϭ 11.41, df ϭ 1) was significant. Pair-wise comparison were shown in panel B (*, P Ͻ 0.05, n ϭ 4). C, Age-related changes in HMW adiponectin forms. Western blots performed as in B on plasma samples from mice at 3, 5, and 9 months. Densitometry analysis of HMW adiponectin by normalized to total adiponectin are shown. Two-way ANOVA indicated interaction of genotype with age (P Ͻ 0.001, F ϭ 11.33, df ϭ 2) was significantly related to expression level of HMW adiponectin. Pair-wise comparison indicated in panel C (*, P Ͻ 0.05, n ϭ 4).
progressively with age. There was an opposite trend in FORKOs; in these mutants, HMW adiponectin that rose in the early ages declined later. Thus in 9-month FORKOs, plasma HMW adiponectin decreased by about 35% (P Ͻ 0.05), compared with 3-and 5-month FORKOs or the 9-month WT (Fig.  4C) . Therefore, it appears that chronic hormone imbalance contributed to gradual decrease of adiponectin functionality along with age.
Regulation of AdipoR1 and AdipoR2 in response to hormone imbalance and HFD
Suspecting that adiponectin signaling could also be regulated at the receptor level, we questioned how adiponectin receptors are modulated in response to hormone imbalance and HFD. Two types of adiponectin receptors mediate most effects of the adiponectin on target tissues (15) . AdipoR1 is predominantly expressed in skeletal muscle, whereas AdipoR2 is abundant in liver. Both receptor types are present in adipocytes, which suggest that adiponectin may also act on these cells in an autocrine or paracrine manner (27) . Indeed recent studies (28) have shown that physiological variations in adiponectin receptor mRNA and protein levels are directly related. Therefore, we measured AdipoR1 and AdipoR2 mRNA expression in AT, muscle, and liver. Interestingly, both AdipoR1 (Fig. 5A ) and AdipoR2 mRNA (Fig. 5B ) in MAT and PAT were altered differentially and in a site-specific manner. At 9 months, in MAT, AdipoR1 fell by 59% (P Ͻ 0.05) in WT-HFD, reduced by 25% (P Ͻ 0.05) in FORKO-RD, compared with WT-RD. In MAT, AdipoR2 was reduced by 60% (P Ͻ 0.05) in WT-HFD, compared with WT-RD and reduced by 55% (P Ͻ 0.05) in FORKO-HFD, compared with FORKO-RD. In PAT, AdipoR1 and AdipoR2 were unaffected (Fig. 5, A and B) . At 9 months, liver AdipoR2 decreased by 25% (P Ͻ 0.05) only in FORKO-HFD, compared with WT-HFD. Liver AdipoR1 was unchanged in response to hormone imbalance and HFD (Fig. 5C) . In contrast to the above effects, muscle AdipoR1 was 35.9% (P Ͻ 0.05) higher in WT-HFD and 31.7% (P Ͻ 0.05) higher in FORKO-RD as compared with WT-RD. Muscle AdipoR2 remained unchanged in response to hormone imbalance and HFD (Fig. 5D) . Overall, among the tissues studied, these results indicated that during hormone imbalances and HFD, AdipoR1 and -R2 are regulated in a tissue-specific and fat depot-specific manner.
Regulation of adiponectin downstream signaling in target tissue in response to sex hormone imbalance and HFD
To further examine whether adiponectin is functionally involved in the onset of IR induced by hormone imbalance and HFD, aspects of adiponectin signaling were studied. AMPK is one of the major downstream targets of adiponectin, through which it regulates glucose metabolism and insulin sensitivity (16) . To get an indication of adiponectin function at the target level, we measured phosphorylation status of AMPK in liver and muscle at 9 months. Although there were no changes in AdipoR1 mRNA, the enzyme active form p-AMPK, was reduced in liver by 44% (P Ͻ 0.05) in FORKO-RD as compared with WT-RD and reduced by 40% (P Ͻ 0.05) in FORKO-HFD as compared with FORKO-RD. HFD did not exacerbate down-regulation of p-AMPK in FORKO. p-AMPK remained unchanged in WT-HFD, com-FIG. 5. Alteration in adiponectin receptors in response to hormone imbalance and HFD in adipose tissue and other targets. AdipoR1 (A) and AdipoR2 (B) mRNA in MAT and PAT in four groups at 9 months were measured by Q-PCR. In MAT, AdipoR1 was responsive to the main factor diet (P ϭ 0.003, F ϭ 13.69, df ϭ 1). Within a RD, AdipoR1 was higher in FORKO than WT and within WT, and AdipoR1 was higher in HFD than in RD (*, P Ͻ 0.05, n ϭ 4). AdipoR2 was responsive to the main factor diet (P ϭ 0.005, F ϭ 11.92, df ϭ 1) only. Pair-wise comparison is indicated in figure (*, P Ͻ 0.05, n ϭ 4). When AdipoR1 and AdipoR2 mRNA in liver (C) were measured in four groups at 9 months by Q-PCR. Only AdiopoR2 was responsive to diet (P ϭ 0.019, F ϭ 7.39, df ϭ 1). Pair-wise comparison is shown in figure. In muscle (D) AdiopoR1 responded significantly to both factors: genotype (P Ͻ 0.05, F ϭ 4.39, df ϭ 1) and diet (P Ͻ 0.05, F ϭ 6.052, df ϭ 1). Pair-wise comparison is shown in figure (*, P Ͻ 0.05, n ϭ 4) . pared with WT-RD (Fig. 6A) . p-AMPK level also remained unchanged in muscle (data not shown). Phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), two downstream targets for AMPK, are involved in gluconeogenesis. Normally activation of p-AMPK reduces PEPCK and G6Pase expression in hepatocytes (16) . As shown in Fig. 6B , PEPCK mRNA expression in liver tissue increased by 2.6-fold (P Ͻ 0.05) in FORKO-RD, an increase that was also sustained in FORKO-HFD as compared with WT-HFD (P Ͻ 0.05). G6Pase mRNA expression in liver (Fig. 6C) increased in FORKO-RD by 3.3-fold (P Ͻ 0.05), as compared with WT-RD. Therefore, chronic hormone imbalance decreased events associated with adiponectin signaling: down-regulation of liver p-AMPK and up-regulation of liver PEPCK and G6Pase contributed to the disturbance of glucose metabolism and IR in FORKO.
Altered inflammation genes in adipose tissue sites in response to hormone imbalance and HFD
Inflammation and macrophage accumulation in AT are also among major alterations of adipose tissue dysfunction, which lead to IR (10). In addition, there is interaction between adiponectin and inflammation genes, such as TNF-␣ (29). We therefore questioned whether inflammation genes are misregulated in response to hormone imbalance and HFD. To address this issue, mRNA levels of a classic inflammation marker TNF-␣ and a recently reported inflammation pathway CCL2/CCR2 (12, 13) were examined in MAT and PAT at 9 months. In this regard dramatic changes became apparent in MAT. In this deep visceral depot, TNF-␣ increased by 1.5-fold in FORKO-RD (P Ͻ 0.05, t test, when only genotype is concerned) in comparison with WT-RD. Feeding HFD produced remarkable changes in both WT and FORKO females. In WT mice HFD induced a 6.5-fold (P Ͻ 0.01) increase, and in FORKO-HFD, TNF-␣ was 5.3-fold higher (P Ͻ 0.05) than WT-HFD. In PAT, TNF-␣ increased by 3.5-fold (P Ͻ 0.05) in FORKO-RD, compared with WT-RD (Fig. 7A) . Interestingly, there was no change in TNF-␣ on feeding HFD to FORKOs. CCL2 in MAT did not change between WT and FORKO but increased by 1.9-fold in WT-HFD (P Ͻ 0.05), compared with WT-RD, and 4.4-fold in FORKO-HFD (P Ͻ 0.01) in MAT, compared with WT-HFD; levels remained unaltered in PAT (Fig. 7B) . CCR2, the receptor for CCL2, increased in MAT in WT-HFD by 2.5-fold (P Ͻ 0.05); no changes were perceptible in any group for PAT (Fig. 7C) . Therefore, these results indicated that whereas TNF-␣ changed dramatically in response to both HFD and hormone imbalances, other components such as CCL2/CCR2 were regulated only in response to HFD at the ages examined. In particular, these inflammation gene marker changes appear to be more severe in MAT than PAT, suggesting strong and differential impact within sites of the deep visceral fat depots.
Discussion
FORKO female mice, with low estrogen and hyperandrogenemia, mimicking hormone imbalances in postmenopausal women or states of endocrine dysfunction, display early visceral obesity and age-related MS (4) . In this study we found that chronic HFD aggravates AT dysfunction in many ways. These include higher fat mass with larger adipocytes; adiponectin signaling down-regulation, hepatic lipid accumulation and up-regulation of TNF-␣, CCL2, and CCR2. To our knowledge this is also the first study demonstrating altered adiponectin signaling and regulation in a sex hormone imbalance model because it establishes an essential link between hormone imbalance and appearance of glucose FIG. 6 . Patterns of change in adiponectin downstream signaling events in response to hormone imbalance and HFD. A, AMPK activation was measured in liver at 9 months in 4 groups. A representative Western blot pattern is shown. A 50-g liver homogenate was subjected to immunoblotting for p-AMPK (top band) and total AMPK (bottom band). Densitometry analysis of p-AMPK by normalized to total AMPK. By two-way ANOVA, only the main effect of genotype (P Ͻ 0.01, F ϭ 9.99, df ϭ 1) was significant. Comparison within the factor is indicated in figure (*, P Ͻ 0.05, n ϭ 4). B, Liver PEPCK mRNA in four groups at 9 months were measured by Q-PCR. By two-way ANOVA, only the main effect of genotype (P Ͻ 0.001, F ϭ 32.81, df ϭ 1) was significant. Comparison within the factor is indicated in figure (*, P Ͻ 0.05, n ϭ 4). C, Liver G6Pase mRNA in four groups at 9 months were measured by Q-PCR. By two-way ANOVA, only the main effect of genotype (P Ͻ 0.05, F ϭ 5.80, df ϭ 1) was significant. Comparison within the factor is indicated in figure (*, P Ͻ 0.05, n ϭ 4).
intolerance. Importantly, even though overt obesity as reflected in body weight did not occur after chronic HFD in WT of the SV129 background, some of the effects noted above for mutants were evident. Thus, the potential exists for even more adverse health consequences by a combination of hormonal imbalances and chronic HFD.
Adiponectin present in high concentration in circulation is implicated in determining glucose homeostasis. Decreases in adiponectin can be caused by interactions of genetic (30) and environmental factors such as HFD or sedentary lifestyle (31) . In addition, sexual dimorphism in adiponectin levels suggest sex hormonal regulation of adiponectin production (32) . However, adiponectin signaling and regulation under sex hormone imbalance-induced IR (pathophysiological condition) is unclear. We demonstrate that chronic sex hormone imbalance in FORKO female mice caused a decrease adiponectin mRNA expression in AT and plasma HMW adiponectin (protein level). The effects becoming dominant only at 9 months but not 5 months suggest an age-dependent phenomenon for the induction of changes. Longitudinally in WT mice, plasma HMW adiponectin levels show an increasing trend, which is in line with another study that found adiponectin increase in aging (32) . However, alteration in sex hormones (or ratios as in mutants) dramatically changes adiponectin profile, decreasing plasma HMW forms progressively with age. In male mice, testosterone administration decreases plasma adiponectin level as well as HMW adiponectin secretion from adipocyte (33) . Our data are generally consistent with these reports. It differs from the effects of total ovariectomy in adult mice, a procedure that eliminates sex steroids including majority of circulating androgens, increases plasma adiponectin 10 d after surgery. Sustained exposure to high estrogen then suppress adiponectin in female mice (32) . This apparent contradiction of estrogen effect in ovariectomized mice might be related to the experimental design and time point of measurement of adiponectin. In fact, in 3-month-old FORKO, HMW adiponectin is higher than WT. At this age, FORKO has low estrogen to androgen ratio, increased adiposity, but no glucose intolerance (4). Thus, an early up-regulation of HMW adiponectin in FORKOs could be a compensatory mechanism that is overcome with aging. Decreases in plasma HMW adiponectin levels with age at 9 months coincided with emergence of impaired glucose tolerance. These data are consistent with our previous findings of apparent insulin resistance in 9-to 12-month-old FORKO females (4). It is increasingly evident that adiponectin is causally related to insulin sensitivity. Administration of adiponectin reverses insulin resistance and diabetes in db/db and KKA ␥ mice, two different mouse models of type 2 diabetes characterized by obesity, hyperlipidemia, insulin resistance, and hyperglycemia (34) . Furthermore, adiponectin-deleted mice develop diet-induced insulin resistance (29) . These results confirm that adiponectin regulation is an important factor influencing insulin sensitivity.
AdipoR1 and AdipoR2 are among other potential mediators thought to transmit the insulin-sensitizing effects of adiponectin. Modifications of their expression in insulinsensitive tissues (skeletal muscle, liver, and AT) could therefore play a role in the control of insulin sensitivity (15) . Our studies demonstrate that only at 9 months but not earlier, both AdipoR1 and AdioR2 are down-regulated in AT in a depot-specific manner, suggesting a self-regulation mechanism of adiponectin by down-regulation of its own receptors in AT in response to chronic hormone imbalance and HFD. Besides, liver AdipoR2 is down-regulated in response to hormone imbalance and HFD in combination. Muscle AdipoR1, but not AdipoR2, is increased in response to both HFD and hormone imbalance, suggesting that receptor level regulations in target tissues also contribute to alterations in adiponectin signaling. Several reports have found that AdipoR1 and AdipoR2 levels are regulated differentially under states of IR and may partially depend on the site and/or oxidative status of the tissue being sampled (28, 31, 35, 36) .
Studying the adiponectin downstream target AMPK sheds
Alteration in selected inflammation genes in MAT and PAT at 9 months. TNF-␣ (A), CCL2 (B), and CCR2 (C) mRNA in MAT and PAT in four groups at 9 months were measured by Q-PCR. Using two-way ANOVA, in TNF-␣, in MAT, the main effect of diet (P Ͻ 0.001, F ϭ 111.368, df ϭ 1) was significant. In PAT, only the main effect of genotype (P Ͻ 0.01, F ϭ 10.07, df ϭ 1) was significant. CCL2, the main effect of diet (P Ͻ 0.001, F ϭ 21.227, df ϭ 1) was significant in MAT. CCR2, the main effect of diet (P Ͻ 0.01, F ϭ 9.89, df ϭ 1) was significant. Comparison within the factor is indicated in figure (*, P Ͻ 0.05; **, P Ͻ 0.01, n ϭ 4).
light on its functional involvement in hormone imbalanceinduced IR. Adiponectin stimulates AMPK phosphorylation and activation in the liver and muscle, thereby directly regulating glucose metabolism and insulin sensitivity in vitro and in vivo. Blocking AMPK activation by a dominant-negative mutant inhibited the effects of adiponectin, indicating that stimulation of glucose use and fatty acid combustion by adiponectin occurs through activation of AMPK (16) . Reduced expression of gluconeogenic enzymes such as PEPCK and G6Pase is associated with elevated phosphorylation of hepatic AMPK (37), accounting for inhibition of endogenous glucose production by adiponectin (38) . Our results extend these findings to sex hormone imbalance in FORKO females in which adiponectin signaling down-regulation also led to selective hepatic deactivation of AMPK and up-regulation of gluconeogenic enzymes PEPCK and G6Pase. Whereas we examined AMPK as one major known downstream pathway, the possible contribution of other pathways, such as peroxisomal proliferator-activated receptor-␣ activation, remain to be studied. This could become relevant because other studies have shown adiponectin to increase fatty acid combustion and energy consumption, in part via peroxisomal proliferator-activated receptor-␣ activation, coordinating increased insulin sensitivity (39) . An important objective of our study was to test chronic HFD effect on hormone imbalance-induced obesity and IR in females. The response of DIO and IR in mice is strain dependent (40) . C57BL/6 mice subjected to HFD develop severe obesity, hyperglycemia, and insulin resistance (31), whereas SV129 mice that are used in developing and propagating many gene knockouts are resistant to DIO and glucose intolerance (24) . In this context, our observations in WT SV 129 strain are noteworthy. Despite the absence of body weight gain and impaired glucose tolerance at 8 months in WT females challenged by chronic HFD, other adverse effects of potential metabolic significance are clearly evident. Thus, changes such as increased hepatic lipid accumulation and plasma TC as well as higher fat around mesenteric vessels and larger adipocyte size are notable and also accompanied by other changes at the molecular level. Up-regulation of components of inflammation pathway TNF-␣, CCL2, CCR2 and adipose depot-specific alteration of adiponectin mRNA and receptors are part of these alterations. It is also of interest to note that provision of HFD greatly exaggerated body weight, PAT mass, PAT adipose size, and liver lipid accumulation when conditions of chronic hormone imbalance prevailed.
Inflammatory changes such as elevated TNF-␣ are associated with glucose and lipid disturbances (10) . Our findings of TNF-␣ mRNA increasing in response to HFD, specifically in MAT depot in WT, and hormone imbalance in both MAT and PAT depot are of added significance. These are in general agreement with data in adiponectin knockout mice in which HFD-induced obesity and IR is accompanied by high TNF-␣ level (29) . CCL2, a chemokine up-regulated in human obesity, modulates macrophage trafficking and activation (12) . The CCL2/CCR2 pathway is necessary for macrophage recruitment, influencing the development of obesity and insulin resistance via adipose macrophage accumulation and inflammation (13) . Our finding of up-regulation of CCL2/ CCR2 in response to HFD exclusively in MAT depot but not PAT suggests an important role for differential endocrine influence among sites within the AT depots because marked differences in their functional capacities and responsiveness to nutritional manipulations could exist. Thus, we highlight distinction within the visceral WAT, namely MAT with PAT, FIG. 8 . Potential mechanisms linking visceral obesity and insulin resistance in FORKO mice. Chronic hormone imbalance causes visceral obesity to produce age-related IR in mutants. At the molecular level, this is preceded with decreases in components of adiponectin signaling pathway, including decrease in adiponectin mRNA and protein level in its active form; aberration of adiponectin receptors in AT, muscle, and liver and decrease of adiponectin downstream target AMPK activity in liver cause up-regulation of gluconeogenesis genes PEPCK and G6Pase in the liver. Therefore adiponectin appears to be an important mediator of hormone imbalances and eventual IR. Chronic HFD in FORKO mice causes dyslipidemia and lipid accumulation in tissues (e.g. hepatic and deep visceral fat depot) and associated with up-regulation of inflammation genes. Chronic HFD also conspires with chronic hormone imbalance exacerbating visceral obesity in FORKO, with additional potential to induce damage at later ages. Although not shown in this diagram chronic HFD selectively alters MAT depot in WT mice that are perceived to be resistant to DIO. Eventually such changes could independently lead to gradual and age-related metabolic disturbances.
assigning particular significance for MAT (a site in deep visceral fat). Because adipokines secreted from MAT go directly to portal circulation exerting relatively greater effects on hepatic function (41, 42) , the possibility for enhancing metabolic alteration and damage appears greater. Higher CCL2 in MAT, compared with epididymal, perenephric, and sc fat depot in high-fat-fed obese mice, has also been reported by others (43) . Taken together, our findings suggest that the increase in CCL2/CCR2 inflammatory signal from the MAT site might play a critical role in aggravating visceral obesityrelated conditions. The type of dietary fat (e.g. trans fat) could also become important in inducing depot-specific changes.
Considering that low estrogen to androgen ratio regulates energy metabolism and induces obesity and MS (4) and findings of ER␣ as a main mediator of estrogen on energy homeostasis (44) , the pattern of ER expression in FORKO female mice during aging becomes important. Although estrogen level is very low as early as 3 months and remains so at 12 months (4), ER␣ undergoes selective down-regulation only at a later age (9 months) but not earlier in both MAT and PAT depots. This suggests that loss of estrogen signaling in aging FORKOs is partly due to AT ER␣ down-regulation. Whether other components involved in estrogen signaling in AT are affected remains to be assessed. Nevertheless, the present results support the idea of drugs that can selectively modulate the activity of ERs could represent a frontier in treatment of IR (26); thus, our model might have implications for understanding the potential effects of treatments after long-term deprivation.
In conclusion, we have constructed a probable scenario (Fig. 8) to explain the effects of hormonal imbalances on AT and IR in female mice. Chronic hormone imbalance-induced obesity and IR in 9-month FORKO female mice is associated with major changes in adiponectin and inflammation. In particular, we found down-regulation of adiponectin expression in AT and reduction of adiponectin active forms in plasma decrease p-AMPK and increase in PEPCK and G-6Pase in liver. Both AdipoR1 and AdipoR2 in AT are down-regulated; AdipoR1 in muscle is up-regulated and AdipoR2 in liver is down-regulated after HFD. ER␣ downregulation at later ages further diminish sex hormone signaling in AT, associated with gradual down-regulation of adiponectin activity, causing in parallel impaired glucose tolerance. Thus, adiponectin appears to be an important mediator of hormone imbalance-induced IR. Hence, interventions designed to restore adiponectin signaling could be useful in preventing hormone imbalance-induced IR. HFD alters visceral AT without necessarily inducing obesity (as in WT), and this effect is also associated with up-regulated inflammation genes. Chronic HFD conspires with hormone imbalance, exacerbating obesity phenotype inducing metabolic injury at later ages.
